It is believed that aggressive attacks are activated by a downward stimulatory stream that includes the medial amygdala, hypothalamic attack area, and periaqueductal grey. However, the hypothalamic attack area (from which attacks can be induced by electrical stimulation) sends projections to the forebrain, the signi¢cance of which is unknown. Here we report that the unilateral stimulation of the hypothalamic attack area per se induced an unilateral c-Fos activation of most brain nuclei involved in attack, and that attacks occurred only when cortical regions were also activated, and the activation of the medial amygdala and hypothalamic attack area were bilateral. This suggests that the hypothalamic attack area not only transmits information to lower brain structures but also activates forebrain structures involved in attack. NeuroReport 13:1267^1270
INTRODUCTION
The electrical stimulation of homologous hypothalamic regions of various species has widely been used to investigate the functional organisation of attack-eliciting neural networks [1, 2] . Unilateral electrical stimulation of the hypothalamic attack area (HAA) induces attacks toward conspecifics almost instantaneously in the majority of rats [3] . The relevant hypothalamic area has been subdivided into low (o 20%), medium (20-80%) and high (4 80%) probability attack-response areas [4] . Attacks can also be evoked by infusing glutamate agonists and/or GABA antagonists into the HAA [5] [6] [7] . It is noteworthy that the HAA is the only brain area in the rat from which attacks can reliably be elicited by stimulation.
It has been suggested that the crucial role of the HAA is explained by its central position. The HAA receives information from frontal regions involved in the processing of external information, and sends projections to lower systems that co-ordinate behavioural and autonomic responses related to aggression [2] . In addition, its proximity with the hypothalamic neuroendocrine nuclei suggests that it may convey endocrine information relevant to aggression [8] . However, the role of the HAA may be more complex than integrating and passing on information from upper to lower brain levels. First, it has been shown that the HAA projects to a large number of forebrain areas [9, 10] . Second, attacks involve the continuous integration of sensory information with behavioural actions. Before attacking, HAA-stimulated rats locate and approach the opponent, and overcome its resistance [3] . Such complex behaviours may not be controlled solely by brain stem nuclei.
The aim of this study was to investigate the neuronal activation patterns induced by HAA stimulation, using c-Fos protein immunocytochemistry as a marker. We have compared the neuronal activation patterns seen in successfully and unsuccessfully stimulated rats (i.e. in attackers and non-attackers), with opponent-exposed unstimulated animals to identify brain nuclei indispensable for the induction of attack.
MATERIALS AND METHODS
Animals: Male Wistar rats (400-450 g, Charles River Laboratories) were used as experimental subjects. Initially group housed rats were isolated in individual cages after surgery. Food and water were available ad lib, while temperature and relative humidity were kept at 22 7 21C and 60 7 10%, respectively. Rats were maintained in a reverted 12:12 h light:dark schedule with lights off at 08.00 h (acclimatisation lasted 2 weeks). Group housed male Wistar rats (250-300 g) were used as opponents in aggressive encounters. Each opponent was used only once. Experiments were carried out in accordance with the European Communities Council Directive of 24 November 1986 (86/609/EEC).
Experimental design: Rats were implanted with bipolar platinum electrodes aimed at the HAA as described earlier [11] . The two insulated electrodes were twisted and the resulting double helix measured 200 mm at its broadest side and 100 mm at its smallest side. The average distance between the tips (measured from the centre of the two free metal surfaces) was 100 mm. One week after implantation, rats were transferred to an unfamiliar stimulation cage, connected by wires to the stimulation system, faced with an opponent and stimulated with an alternating electric current (see below; n ¼ 9). Five stimulated rats readily attacked the opponent (responders), while the remaining four did not show attack or attack-related behaviours. Control rats were transferred to the stimulation cage, connected to the stimulation system, faced with an intruder, but were not stimulated (n ¼ 5).
Hypothalamic stimulation: Stimulation was performed in a Perspex cylinder (diameter 60 cm) and a closed foam plastic base. Details of electrical stimulation have been described earlier [11] . In brief, stimulations lasted 60 s and were interrupted by 60 s pauses. The current intensity of the first stimulation was 20 mA. In subsequent stimulations, current intensity was raised in steps of 20 mA until attack occurred. After attack, current intensity was decreased by 20 mA for the subsequent stimulations until the attack response disappeared. This procedure was continued until six changes in response to stimulation have occurred. Stimulation was unilateral, and the stimulation side was randomly selected. If no attacks occurred, stimulation was terminated at the upper limit of 300 mA. The stimulation procedure lasted B30 min, irrespective of responsiveness.
Immunocytochemistry: The details of the immunocytochemical protocol were published earlier [12, 13] . In brief, 2 h after the start of behavioural testing, rats were anaesthetised with sodium pentobarbital (50 mg/kg, i.p.; Nembutal, Sanofi) and brains were perfused with phosphate-buffered saline and 4% paraformaldehyde for immunocytochemical analysis. The brains were removed, post-fixed in the same fixative and cryoprotected overnight. Six series of 30 mm frozen sections were cut in the frontal plane on a sliding microtome. The c-Fos protein was labelled with a rabbit polyclonal antibody raised against the amino terminus of cFos p62 (1:10000, Santa Cruz Biotechnology, USA, sc-52). The primary antibodies were localised using biotinylated anti-rabbit goat serum and streptavidin conjugated HRP (1:1000, Jackson Laboratories, USA). The peroxidase reaction was developed in the presence of diaminobenzidine tetrahydrochloride, nickel-ammonium sulphate and hydrogen peroxide dissolved in Tris buffer. Each electrode tip was localised on the labelled sections according to the nuclei circumscribed by the c-Fos staining.
Evaluation of c-Fos positive cell nuclei: Section planes were standardised according to the atlas of Paxinos and Watson [14] . All sections underwent qualitative evaluation, and quantitative analysis was performed in regions where qualitative evaluation revealed significant differences between groups. Microscopic images (magnification Â 240) were digitised by a Sony CCD camera and the number of positive profiles were counted by means of the NIH-IMAGE v1.66 software (Power Macintosh 7100). Uniform thresholds were used and the minimum size of positive profiles was set at 5 pixels. Frames matching to the size and shape of individual areas were used to outline selected regions. The corresponding frames were identical in all animals. The size and localisation of frames was described earlier [13] . The two brain sides (ipsilateral or contralateral to stimulation) were analysed separately.
Statistics: Statistical calculus was performed using Statistica software (Tulsa, USA). Data were analysed by twofactor ANOVA with hanging control. Factor 1 was behavioural responsiveness (the presence of attack), while factor 2 was the brain side. Newman-Keuls' post hoc comparisons were also run.
RESULTS
The localisation of electrode tips was very similar in the two stimulated groups. Compared with the interaural reference, electrode tips were localised as follows: attacking animals: anterio-posterior (A-P) 6.65 7 0.05 mm; medio-lateral (M-L) 1.08 7 0.06 mm; dorso-ventral (D-V) 0.34 7 0.02 mm: nonattacking animals: A-P 6.69 7 0.15 mm; M-L 0.95 7 0.09 mm; D-V 0.40 7 0.07 mm. All electrodes reached the attack area [4] .
During the experiment, control rats explored the test cage and established non-aggressive social contacts with the opponent. When stimulation did induce attacks, these were restricted to the stimulation periods. Rats behaved similar to controls in stimulation-free intervals. In agreement with earlier observations, stimulation had no behavioural effects in non-attacking rats.
Detailed immunocytochemical data and statistical evaluation were presented in Table 1 . In addition, the most important findings are presented in Fig. 1 . Stimulation per se (i.e. without the induction of attack) induced c-Fos activation in the ipsilateral side of the lateral septum (LS), bed nucleus of stria terminals (BNST), parvocellular part of the hypothalamic paraventricular nucleus (pPVN), medial amygdala (MeA), hypothalamic attack area (HAA), periaqueductal grey (PAG), and locus coeruleus (LC). The activation was bilateral in the BNST, pPVN, and LC. Activation was stronger in the ipsilateral side of the BNST.
In responsive (attacking) animals, a stronger activation was seen in BNST, pPVN, MeA and HAA. In addition, the cingular (CIcx) and piriform cortex (PIcx), central amygdala (CeA), and mediodorsal thalamic nucleus (MD) were activated only in attacking rats. In these animals, the activation was bilateral in the CIcx, PIcx, BNST, pPVN, MeA, HAA, MD, and LC. C-Fos staining was stronger in the ipsilateral side of the BNST, MeA and HAA of attacking animals. Figure 2 shows representative sections from the MeA and HAA.
DISCUSSION
The electrical stimulation of the HAA per se (i.e. in nonresponders) increased c-Fos activation in areas relevant for aggression control (LS, BNST, MeA, HAA, PAG) and in stress-related structures (pPVN, LC). These activations were ipsilateral, except for the BNST and stress-related structures. In responders (attackers), the same areas were activated, but activation was stronger in the BNST, MeA, and HAA. In addition, the activation was bilateral in the MeA and HAA. Cortical regions, MD and the CeA were activated only in responders.
Information on aggression controlling neural networks derive from stimulation and lesion experiments [1, 2] , and c-Fos studies in territorial aggression [10, 13, 15, 16] . The two approaches identified similar areas as being involved in aggression control. In addition to information obtained earlier, the experimental design applied here allows not only the identification of brain centres activated but also those indispensable for attack. Previously, it was hypothesised that the MeA, HAA and PAG constitute a downward stimulatory stream, the function of which is modulated by a series of other inputs, including the LS. The HAA was suggested to integrate processed sensory information (that reach the HAA mainly via the MeA), and to elaborate brainstem outputs that co-ordinate attacks (mainly via the PAG). Attacking (i.e. responsive) animals of our experiments, however, showed an additional intense and bilateral activation of a series of areas situated upstream to the HAA. The activation of brain regions upstream to the HAA may be induced by the execution of attacks. However, the HAA is connected to all the areas that were activated in responsive rats. Direct connections of the HAA include the MeA, CeA, BNST, and the MD [9, 10, 17] . Noteworthy, the HAA-MeA connection is reciprocal [17] . The MD sends projections to both the piriform and cingular cortices, while the MeA sends projections to the main olfactory pathways that are linked to the piriform cortex [18] [19] [20] [21] . Noteworthy, the cortical connections of the MD also appear to be reciprocal. The importance of these connections is outlined by the facilitating roles of MD and MeA in aggression [17, 22, 23] . One can hypothesise, that the stimulation of the HAA lead to an upstream information transfer, that reached the MeA, CeA, MD and cortical regions. The reciprocal nature of these neural connections strengthened the neuronal activation at all levels (including lower levels like the HAA), while crossing fibres of these connections induced a contralateral activation of the MeA and HAA. According to this assumption, the forebrain connections of the HAA (that were shown earlier [9, 10] ) have a functional role, and the electrical stimulation of the HAA elicits attacks only when these connections are activated. We hypothesise that the activation of these connections depends on the cytoarchitectonic features of the neurones surrounding the electrodes. The activation of forebrain structures may underlie the complex behavioural reactions induced by HAA activation. As shown above, this behavioural reaction includes the location and approaching of the opponent, and the overcoming of its resistance, which are unlikely to be controlled solely by brain stem mechanisms, since they involve a permanent control over the environment. Our data suggest that the HAA not only activates brain stem nuclei controlling somatic reactions but also activates forebrain structures that allow the execution of attacks in conjunction with the actions of the opponent.
CONCLUSION
The electrical stimulation of the HAA induced intense c-Fos activation in a series of brain regions previously shown to be involved in aggression control. The LS, BNST, MeA, PVN, HAA, PAG, and LC were activated even if stimulation did not induce attacks. In attacking rats, the activation of the BNST, MeA and HAA was significantly stronger, and the activation of the MeA and HAA became bilateral. In addition, a strong ipsilateral activation of CeA and bilateral activation of the MD, piriform and cingular cortices occurred in attacking rats only. Thus, attacks induced by the electrical stimulation of the HAA are associated with the activation of brain centres situated upstream relative to the HAA. This suggests that the upstream connections of the HAA are functionally relevant for the induction of attacks.
